ABSTRACT. Improving technical efficiency in agriculture can play an important role in meeting present and future demands for agricultural products, at the same time enhancing the long-term sustainability of land and water use. This paper examines the impact
Introduction
Agricultural growth has received renewed attention in recent years as a means of poverty alleviation and an increase in welfare in developing countries. (e.g., World Bank, 2007 ). An important element of agriculturebased growth policies is promoting the productive and efficient use of land and water resources in order to meet present and future demands for agricultural products, while ensuring the long-term sustainability of the land and water quantity and quality.
Secure land property rights are considered an important catalyst for agricultural growth and sustainable resource use, and thus the relationship between land tenure security and agricultural productivity has received much attention in the existing literature. Studies based on Asian experiences suggest a positive, but small in magnitude, effect of land tenure security on productivity (Feder, 1988; Jacoby et al., 2002) . Some studies on Uganda and Ethiopia find that tenure security has a positive impact on productivity (Deininger and Jin, 2006; Deininger et al., 2008) , whereas other studies on the same two countries find no evidence of productivity differences across different bundles of land rights (Gavian and Ehui, 1999; Pender et al., 2004) . These ambiguous results can probably be related to the local context and the overarching macro and sectoral conditions within which tenure systems operate (Place, 2009) .
Theories available suggest that secure property rights to land are likely to raise investments and the use of farm inputs by reducing the risk of investments and/or increasing capital availability (Feder, 1988) . The existing empirical literature, therefore, focuses mainly on the productionenhancing effect of land investments and increased input use levels caused by improved tenure security (e.g., Jacoby et al., 2002) . Two other effects distinguished in the literature have received less attention in empirical studies so far. The first effect is the so-called land market effect. Land rental markets can transfer land to more efficient farmers, i.e., farmers who are able to obtain higher quantities of output from the same levels of inputs used in production. It is also termed the factor equalization effect. The second effect is the migration effect. Improved land tenure security can induce household participation in rural-urban migration (Mullan et al., 2011) , which might contribute to less efficient farm management practices of households with one or more migrated members. The land market effect is expected to raise agricultural production, just like the investment and input effects, while the migration effect will generally lower it. More empirical research is needed on the latter two effects in order to obtain a better understanding of the full impact of land tenure security on agricultural production.
The choice of the dependent variable may greatly affect the results obtained in empirical studies of the impact of tenure security, and partly explain the mixed findings obtained so far. One group of studies uses land productivity, defined as total output divided by land size (e.g., Chand and Yala, 2009; Place, 2009 ). Land productivity is especially relevant for examining intensive agricultural systems in land-scarce countries (e.g., China, Ethiopia and Uganda). It is a partial measure of productivity, focusing on land input and ignoring other factors of production and inputs. A second group of studies uses total factor productivity (TFP), defined as the ratio of agricultural output to an index of all inputs used in production (e.g., Chen et al., 2008) . TFP is commonly used to measure technical progress. Lastly, a third group of studies uses technical efficiency (TE), which measures the amount of output obtained from a given amount of inputs, compared to the maximum output that can be derived under best practices from these inputs (e.g., Ahmed et al., 2002; Tan et al., 2010) .
Another important choice is that of the land rights indicator. The existing literature in this field mainly focuses on the impact of formal land rights (legal land tenure) derived from land laws and regulations, land certification and tenancy status (Feng, 2008; Zhang et al., 2011) . However, it is household perceptions of their land rights (that is, perceived land tenure) that impact directly on household decisions with respect to land investments, input use, participation in land rental markets and migration. In the case of rural China, legal land tenure security has been enhanced by market-oriented land tenure reforms initiated by the Chinese government since 1998 (Ma et al., 2015) , but household perceptions of land tenure may not be as secure as dictated by the legal tenure reforms. This may be caused by the local implementation of legal land tenure regulations, such as land certificates that specify the land area assigned to a household but not the plot boundaries. Even when the local implementation is similar, perceptions of land rights security may vary across households. Differences in tenure security perceptions may therefore be an important explanatory factor of observed differences in productivity and TE. Yet, the relationships are currently not well understood and more empirical research is needed in order to gain more insights into the role of perceived tenure security in promoting (or reducing) productivity and TE.
The main objective of this paper is to examine the effect of perceived land tenure security on TE in rural China. We focus on the land rental market effect and the migration effect of tenure security by controlling for (investments in) land quality and variable input use in the empirical analysis. A cross-section data set, containing household-level data on agricultural production, tenure security and other relevant factors, is used to estimate TE and its determinants. The data were collected among 312 households in 21 villages in Minle County, Gansu Province, northwest China. Given the prevailing problems with the sustainable use of land and water resources in China's intensive agricultural system (e.g., Qu et al., 2011) , and given China's national policy goal of being self-sufficient in grain production, the insights obtained from this study may provide an important input into the development of science-based policies for sustainable agricultural development and rural poverty reduction in China.
This paper contributes to the scientific literature on the effect of land tenure security on productivity by simultaneously: (i) focusing on the land rental market effect and migration effect of land tenure security, while controlling for the investment and input effects that are usually examined in the existing literature; (ii) examining the effect of land tenure security on TE instead of land productivity; and (iii) examining the role of tenure security as perceived by rural households instead of formal tenure security as specified in land laws and land titling.
The paper is organized as follows. Section 2 presents the conceptual model which links land tenure security to TE and agricultural production growth. Section 3 specifies the model that we use for the empirical analysis and the strategy that we apply for estimating the model. This is followed by an introduction of the data set and the variables used in the empirical analysis in section 4. Section 5 reports and discusses the estimation results. The paper ends with concluding remarks in section 6. Feder (1988) developed a seminal conceptual model linking land tenure and agricultural production growth in Thai agriculture. This model has subsequently been used by many economists to test for linkages between tenure security, investment and productivity, as well as the impact of promoting land market development and other policy instruments (Place, 2009) . Three important economic relationships between land titles and agricultural production growth are included in Feder's model: (1) land title can be used as collateral to improve access to credit for agricultural investment; (2) title can increase security of tenure and enhance farmers' willingness to make medium and long-term investments; and (3) title may stimulate land markets that will facilitate the transfer of land resources to more productive farmers. One important modification of Feder's model is the impact that investments in land may have on enhancing tenure security, leading to a bidirectional link between the two (Besley, 1995; Jacoby et al., 2002) .
Conceptual model
Another influential conceptual economic model linking land tenure and agricultural production growth was developed by Place (2009) . It stipulates that the privatization of land rights can increase investments in agriculture and the purchase of variable inputs, and thereby increase productivity. Feder's (1988) model does not consider that higher tenure security may increase the use of variable inputs (e.g., fertilizers or labor). Place's (2009) model, on the other hand, ignores the factor equalization effect of land markets. Neither model takes into account the potential impact of land tenure security on rural-urban migration (Mullan et al., 2011; Ma et al., 2016) , and its consequences for productivity and TE. Figure 1 presents a more comprehensive conceptual model of the household-level effects of perceived tenure security on agricultural production growth in China. 1 Agricultural production growth in the model is a result of land investments (investment effect), increased use of variable inputs (input effect), transferring land to more productive farmers (land market effect), and less efficient agricultural management practices resulting from rural-urban migration (migration effect). The investment effect and input effect directly affect agricultural production (depicted by dashed arrows in figure 1 ), while the land market effect and migration effect have an indirect impact that goes through TE (depicted by solid arrows in figure 1) .
The investment effect indicates that more secure tenure increases longterm land investments. Land investments, such as tree planting, terracing, green manure plantation, organic application, well-digging, land leveling, surface irrigation, drainage and terracing, can improve soil quality and thereby increase agricultural production in the long term. Secure property rights may reduce the risks involved in making such long-term investments. This effect has been widely discussed and examined (e.g., Besley, 1995) . However, the aim of some long-term land investments may be to enhance tenure security rather than to increase land quality and agricultural production (Brasselle et al., 2002) . It should also be noted that more secure tenure may indirectly affect land investments by the increased capital availability resulting from improved credit market access (see figure 1) .
The input effect refers to increased use of variable inputs, such as seed, water, chemical fertilizers, pesticides and herbicides. Secure land can be used as collateral to improve access to credit when land sales markets exist; increased availability of credit may stimulate the purchase of variable inputs (Feder, 1988) . This effect is also called the collateralizability effect. In China, however, land is not allowed to be used as collateral under current laws and regulations. Yet, more secure property rights can affect input use in an indirect way by stimulating rural-urban migration (Mullan et al., 2011) . Remittances sent home by migrants increase household incomes, and thereby the available capital for purchase of inputs (Rozelle et al., 1999) . 2 Hence, increased tenure security may affect variable input use because it increases migrant remittances, rather than access to formal credit, in rural China (see figure 1) .
The land market effect refers to transferring land to more efficient farmers. Increased land tenure security stimulates land market development (e.g., Deininger and Zegarra, 2003) . In the case of absent or thin agricultural labor markets, the land rental market often plays an important role in enhancing productivity and TE as it allows land transfers from less productive to more productive producers.
The migration effect on TE refers to changing agricultural production and management modes of rural households with one or more migrant members. Increased tenure security may stimulate temporary migration (e.g., Ma et al., 2016) . 3 Temporary migration in its turn can reduce the efficiency of farm management practices, especially when the hiring of agricultural labor to replace family labor incurs prohibitively large transaction costs or when hired labor is not as efficient as family labor (Feng et al., 2010; Shi et al., 2011 ). An example is the application of large quantities of fertilizers or water at the time of planting or sowing by temporary migrating households, instead of more efficient applications that are spread over time and depend on the requirements for plant growth. It should be noted, however, that improved tenure security may not stimulate migration if households have few options to rent out their land to others. In such cases, a decrease in the probability of land expropriation implies that a household will retain more land, which needs farm labor; it may thereby decrease migration incentives (Mullan et al., 2011) . In other 2 Rural-urban migration may also affect input use when non-labor inputs are complementary to, or substitutes for, labor in agricultural production. This relationship is not shown in the figure for reasons of simplicity. 3 Chernina et al. (2014) words, although the migration effect on TE from improved tenure security is generally negative, it may also be positive if improved tenure security reduces migration incentives. We will come back to this issue in section 5.3. In the empirical model that we apply in this paper, land investments (as reflected in land quality) and variable inputs are used as control variables in explaining agricultural production. The observed effect of land tenure security on agricultural production therefore reflects the net impact of the other two effects: the (positive) land market effect and the (generally negative) migration effect. Its overall impact depends on the magnitude of the land market effect and migration effect (see figure 1) .
In the context of well-functioning land rental and labor markets, the net effect of land tenure security on TE is expected to be positive. More secure tenure will induce the transfer of land from low-productive households to high-productive households, while low-productive households will shift from agriculture to non-agricultural sectors, and in many cases migrate permanently to urban areas. Hence, the migration effect is expected to be (close to) zero, while the land market effect will be positive.
However, major bottlenecks still limit the functioning of the land rental and labor market in China. The current rural land rental market is highly segmented. The majority of land transfers take place within villages and usually between households that are related through kinship. This seriously limits the transfer of land to high-productive households. The current hukou (household registration) system limits the number of labor migrants who take their families with them and migrate permanently. The lack of social security and the relatively expensive access to housing and health and education facilities in urban areas for migrants with a rural hukou mean that many labor migrants leave their families behind and eventually return to their home villages (Whalley and Zhang, 2007) . This short-duration, individual migration contributes to part-time farming which will often have a relatively low TE. The observed overall effect of land tenure security on TE may therefore even be negative.
Model choice and estimation strategy

Model choice
Technical efficiency is estimated in our study by using a stochastic production frontier. The approach imposes an explicit and possibly restrictive functional form on the technology. However, it permits the estimation of determinants of inefficiency of households. The stochastic frontier model has been used, among others, to examine the effect of land rental and offfarm employment, land fragmentation, land reallocation and land tenure contracts on TE in China and elsewhere (e.g., Ahmed et al., 2002; Feng, 2008; Tan et al., 2010; Zhang et al., 2011) .
The stochastic frontier model assumes an error term with two additive components -an idiosyncratic (two-sided) component, which accounts for pure random factors, and a one-sided component, which captures the effects of inefficiency relative to the stochastic frontier.
Following recent studies (e.g., Tan et al., 2010; Zhang et al., 2011) , we use a translog specification for the production frontier. The estimable form is specified as:
where n denotes the number of inputs, X ji denotes the quantity of input j used for crop production by household i, C i is a vector of other variables that may affect agricultural output, ϑ i and μ i account for pure random factors and technical inefficiency, respectively, β 0 , β j , β jk and δ are unknown coefficients; TE i is technical efficiency, which is defined as TE i = exp(−μ i ); M i is a vector denoting land tenure security and other factors affecting technical efficiency, and θ 0 and θ are unknown coefficients.
Estimation strategy
The stochastic frontier model can be estimated using either one-step or two-step approaches. In the two-step procedure, the frontier production function (equation (1)) and the efficiency levels are estimated first, ignoring the farm-specific variables that affect TE only. In the second step, TE is regressed against these explanatory variables (equation (2)). The two-stage procedure has been shown to yield inconsistent estimates of the parameters as well as TE because TE may be correlated with input levels (Kumbhakar et al., 1991: 279-280) . Moreover, the estimated micro-level efficiencies in a two-step procedure are spuriously underdispersed, even when there is no correlation between factors affecting TE and production inputs (Wang and Schmidt, 2002) . The solution to these problems is the application of a onestep maximum likelihood procedure in which, at given levels of input use, the assumed relationship between the farm-specific driving factor(s) and TE is imposed in estimating the technology and the efficiency levels, not just at the second stage of the analysis (Kumbhakar et al., 1991; Wang and Schmidt, 2002) . In our case, the one-step estimation of TE and its determinants allows us to assess the impact of tenure security perceptions on management capabilities while controlling for changes in land, labor and other inputs. Similar approaches have been used to examine the impacts of education, sharecropping, land fragmentation and migration on TE (Kumbhakar et al., 1991; Ahmed et al., 2002; Chen et al., 2009; Tan et al., 2010) .
Data set and choice of variables
Data set
This study uses data from a farm household survey that was held in Minle County, Zhangye City, Gansu Province in northwest China in May 2010. Minle County can be divided into three agro-ecological zones according to their altitude: (1) between 1,600 and 2,000 m; (2) between 2,000 and 2,200 m; and (3) between 2,200 and 2,600 m. By far the largest zone is the zone 2, with 500,000 mu of cultivated land, followed by zones 1 and 3, with 190,000 and 170,000 mu, respectively. 4 Agricultural production in the zones 1 and 2 generally uses irrigation, while most agricultural production in zone 3 is rainfed.
The survey was held to obtain more insights into the sustainability of land and water use of households living in the area. Collected information refers to the 2009 agricultural season. Household interviews were done in the same 21 villages where a similar survey was held in May 2008. In each of the ten townships in Minle County, 10 per cent of the villages were randomly selected for the survey in May 2008. Eight townships are entirely located inside one of the three zones. The other two townships were divided into two sub-strata (one for each zone) and 10 per cent of the villages were randomly selected in each. This ensures that differences in agricultural conditions between the three zones are adequately reflected in the sample. 5 Among the 21 villages, five villages are located in agro-ecological zone 1, ten villages in zone 2 and six villages in zone 3. Within each selected village, 15 households were randomly chosen to be interviewed in May 2008. Whenever possible, the same households were interviewed again in May 2010. In cases where the same household could not be found, it was replaced by another, randomly selected, household in the same village.
Although 265 households were interviewed in both years, we cannot exploit the panel nature of the data because questions about land tenure perceptions were asked in the 2010 survey only. Hence, we perform a cross-section analysis for the 315 households interviewed in 2010. As three households had missing information, the total sample size is 312.
Legal tenure reforms initiated by the Chinese Government since 1998 have been relatively well implemented in the region (Ma et al., 2015) . Only 6 per cent of the interviewed households experienced a land reallocation since 1998, with all these households experiencing only one land reallocation since that year. Only 3 per cent of the interviewed households reported that they did not possess a land certificate.
Definition of variables
In addition to agricultural inputs, we include dummy variables representing the different agro-ecological zones in the production frontier. The definition of the variables in the production frontier and their descriptive statistics can be found in online appendix 1, available at http://doi.org/10.1017/S1355770X1600036X. In the TE model, land tenure perceptions, village, household and land characteristics, and regional factors are used as explanatory variables. The definitions of the variables, and their mean values and standard deviations, are presented in table 1. Following Ma et al. (2016) , household land tenure security perceptions are measured by expectations with respect to (the absence of) land reallocations in the near future and by the perceived importance of land certificates terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S1355770X1600036X in protecting land rights. 6 Expectations on future land reallocations take the value 1 if a household does not expect a land reallocation within five years and equal 0 if the household expects a reallocation to occur within five years or does not have an idea. Only 40 per cent of the interviewed households do not expect a land reallocation within the next five years. Hence, household perceptions on the absence of land reallocations are still low even though legal tenure reforms that virtually ban land reallocations have been relatively well implemented in the region. Land certificate perceptions reflect household assessments of the significance of land certificates for protecting land rights. It is measured on a scale of 1 (= not important) to 5 (= very important). Its mean value equals 4.16, indicating that households attach much weight to land certificates.
The two measures are meant to represent different dimensions of tenure security. Land certificates intend to provide protection against land expropriation and against tenants who are unwilling to return rented land. However, they do not protect against land reallocations much, as they specify the quantity of land that a household is allowed to cultivate but do not include a map showing the location of the land. Four boundaries of each plot should formally be specified in a land certificate, but in practice the information about boundaries is rather vague in many regions, including our research area. 7 Only when a household's land size is reduced in response to demographic changes, for example when a household has one or more migrants, may land certificates provide adequate protection during land reallocations. But social pressure within a village may prevent households from using certificates for this purpose. Land reallocations within a village affect in particular the location of the land assigned to households. Such changes in location can be an important aspect of tenure (in)security, against which land certificates provide insufficient protection. Hence the two measures can be considered as two separate dimensions of tenure security. 8 It should be noted that household decisions on migration and land rentals may affect land tenure security perceptions. Households that rent out land and temporally migrate to urban areas are more likely to experience land reallocations or land expropriations, and therefore to perceive lower tenure security (Mullan et al., 2011; Ma et al., 2016) . Hence, reverse causality may bias the estimation results. Following Mullan et al. (2011) , we use mean village-level land tenure security perceptions, defined as the average tenure security perceptions of the other 14 sampled households 6 Household expectations and perceptions are derived mainly from the responses of household heads. In a few cases where the household head was living and working elsewhere at the time of the survey, other family members who understand household decisions well were interviewed. We assume that the perceptions of those respondents reflect household heads' perceptions. 7 An important goal of the New Round of Rural Land Ownership Registration Certification Work initiated by the central government in 2013 is to specify the clear boundaries of each plot contracted by a household. 8 The correlation coefficient between the two tenure security variables equals 0.15.
See also figure A1 in online appendix 3.
terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S1355770X1600036X
within the same village, as proxy variables to minimize the potential endogeneity bias. Because households living in the same village face more or less similar risks of land reallocation or expropriation by village leaders or local governments, the village-level average is likely to be a close proxy of individual household tenure security perceptions. Yet, the use of villagelevel averages may introduce measurement errors. 9 As a robustness check, we also apply an instrumental variables approach in which village-level averages are used to predict individual tenure security perceptions. The two tenure security perception dimensions are expected to have divergent impacts on land renting and migration, and thus have different effects on TE. Land certificates provide protection against all types of land expropriation, i.e., against land requisitioning for urban development, infrastructure construction or other purposes, against tenants refusing to return rented land, and possibly also against land expropriations by the village leader in response to demographic changes. Well-functioning land certificates may therefore provide a stronger incentive for participating in land rental markets than absence of land reallocations. In addition, households possessing land certificates are more likely to receive appropriate compensation payments in cases where land is expropriated. These payments may, for example, be used to cover the initial costs of migration. Hence, land certificates may stimulate migration while bans on land reallocations may reduce migration in villages where land rental markets have not developed (Ma et al., 2016) .
Village characteristics are represented by the distance from the village to the nearest town seat. The larger the distance from the village to the town seat, the lower the access to markets and the lower the incentive to engage in market production. On the other hand, households in relatively remote villages usually rely more on agricultural income for their livelihoods and thus may have a higher agricultural ability. So the expected effect of the distance between the village and the town seat on TE is ambiguous.
Household characteristics that may affect TE include age and education of the household head, household wealth and female ratio. Age of the household head is used as a proxy for the household's farming experience. Its effect on TE is ambiguous, depending on whether older farmers are more experienced or more likely to stick to farming traditions and less likely to adopt new technologies (Feng, 2008) . Education of the household head is used as a proxy for farm management skills. TE is expected to increase with education as education increases the household's ability to utilize existing technologies and make better farm management decisions. Household wealth is an indicator of the economic status of the household within the village. On the one hand, households with more wealth are expected to face fewer obstacles in agricultural production, as they have 9 As village leader decisions play an important role in shaping individual household tenure security perceptions, average village-level perceptions are likely to be appropriate proxies for individual tenure security perceptions. They do not capture, however, household characteristics that cause heterogeneity in perceptions within the same village.
terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S1355770X1600036X more resources available for paying fixed costs and for obtaining the information needed to adopt new technologies; on the other hand, they are expected to spend more time on leisure or off-farm employment. So the expected effect of household wealth on TE is ambiguous. Female ratio is defined as the ratio of female workers to all workers. It is meant to capture the difference in TE between female and male workers; its coefficient can have either a positive or negative sign.
Land characteristics in the model include number of plots, land fertility, land slope and land area. Land fragmentation, as measured by the number of plots, can have either negative or positive effects on TE (see, for example, Chen et al., 2009; Tan et al., 2010) . On the one hand, given the total land area, farms with more plots need more labor time for travelling, may be more difficult to manage and to use machinery, and may use a larger share of the land for boundaries. On the other hand, more plots can enable households to optimize their labor allocation over different crop species and seasons, especially when the market for agricultural labor is absent or faces high transaction costs. The average number of plots per household is 14.6 in our research area, which is much higher than the average of 5.0 plots for west China as a whole (derived from RFOO, 2010). The average area per plot is 1.36 mu; it only slightly exceeds the average value of 1.21 mu for west China (RFOO, 2010). Land fertility and land slope are used as indicators of land quality. They are measured by asking the respondent about the fertility on a scale from 1 (poor) to 3 (good) and the slope (1 = plain, 2 = sloping) of plot(s), and then calculating the weighted average using plot sizes as weights. The mean land fertility value equals 2.48, indicating that fertility is judged intermediate to good. Most land is flat in the research area, as evidenced by the mean slope value of 1.06. As most land in the region is irrigated, farmers regularly invest in land levelling . Land fertility is expected to impact positively on TE, while land slope is expected to impact negatively on TE. Moreover, following Reddy (2002) , we include total cultivated land area as an additional explanatory variable to examine whether small farmers are more efficient than large farmers.
Finally, four dummy variables are introduced for four of the five irrigation districts to which the interviewed households belong. These dummies are meant to control for major unobserved differences between irrigation districts in factors such as irrigation infrastructure and water availability which may affect water losses and the timing of water availability and thus affect TE.
Estimation results
Results
The maximum likelihood estimates of the parameters in the production frontier and the corresponding estimated input-output elasticities of the variables in the production frontier are reported and discussed in online appendix 1. The corresponding TE estimates range from 0.18 to 0.97 for the households in our sample, and equal 0.82 on average. In other words, the interviewed farmers obtain on average 82 per cent of the potential output that can be obtained with the current mixture of production inputs. This Tan et al. (2010) for three villages in Jiangxi Province in the year 2000. Actual TE has a larger variation in the sample than predicted TE (see figure A2 in online appendix 3) . Predicted values of TE are close to actual TE for households with actual TE exceeding 0.6. These households account for 92 per cent of the whole sample. The model has more problems with predicting low values of TE. Predicted TE generally exceeds actual TE for households with actual TE below 0.6.
As regards the factors explaining observed differences in TE between farmers, the regressions results for the two tenure security variables (table 2) show that expectations regarding the absence of land reallocations have a significant positive impact on the level of TE, 10 while the importance attached to land certificates has a significant negative impact.
The estimated elasticities, evaluated at mean values, equal 1.30 and −6.71, respectively. This finding indicates that household perceptions about land tenure security contribute significantly to the TE levels observed in the research area, with households that expect no land reallocations in the near future having higher TE and households that attach greater importance to land certificates in protecting their land rights having lower TE. We will discuss this finding in more detail in section 5.3. It should be noted that the effects of each tenure security variable are conditional on given values of the other tenure security variable. Unconditional effects are discussed in section 5.2.
As for the control variables, we find that distance from the village to the nearest town seat has an insignificant impact on TE. The age of household head has a positive impact on TE, suggesting that experience plays an important role in the TE of crop production. The education of the household head positively impacts on TE, as expected. Family wealth has a significant negative impact on TE, suggesting that more wealthy farmers manage their farms in a less efficient way than poorer farmers do. The positive coefficient of the female ratio suggests that female workers have higher TE in crop production than male workers in our research area. Land fragmentation, measured by the number of plots on a farm, is found to have a significant positive effect on TE. This finding is consistent with those of Sherlund et al. (2002) for Côte d'Ivoire and Tan et al. (2010) for Jiangxi Province in China. We also find that land area has a statistically significant negative effect on TE, indicating that small farmers are more efficient than large farmers in the research area. One surprising finding is that the two variables representing land quality, land fertility and land slope do not have a significant impact on TE. One possible reason is that we use farmers' opinions about land fertility and land slopes as indicators of land quality instead of objective measures.
Robustness
As a first robustness check, we estimate the impact of land tenure security on TFP using a production function. Following recent studies on land tenure and agricultural productivity (see, for example, Chand and Yala, 2009; Deininger et al., 2014) , we use a Cobb-Douglas specification, 11 and obtain the following estimable form:
where Q i is the level of output of the i th household; X ji denotes the j th input of the i th household, and α j is the input elasticity of input j; n the main conclusions obtained from the analyses. The results can be obtained on request from the first author. 11 When we apply a translog specification, we obtain mean variance inflation factors (VIF) that range up to 500 while the total number of explanatory variables increases to 51. As drawing sensible conclusions from such an analysis becomes rather tedious, we use a Cobb-Douglas function instead.
denotes the number of inputs and ε i represents a random disturbance term. In addition to the two land tenure security variables, we include the village, household, land and regional characteristics specified in table 1 as explanatory variables in the vector M i . d 0 and d 1 are unknown coefficients. Equation (3) is estimated by using ordinary least squares (OLS). Table A4 in online appendix 2 reports the regression results for the agricultural production function. The results for the two tenure security perception variables are similar to those obtained for the TE model, although the t-ratios have somewhat lower values. Expectations on the absence of land reallocations have a significant positive impact, while the importance attached to land certificates has a significant negative impact.
Another issue that should be taken into account is the potential measurement error when using village-level average tenure security perceptions as proxies of individual tenure security perceptions. As a second robustness check we use the village-level average tenure security perceptions as instruments to predict the values of individual tenure security perceptions. Its purpose is to reduce potential measurement errors of using the village-level average as a proxy of individual tenure security perceptions and to account for potential endogeneity of individual tenure security perceptions. In the first step, we regress individual tenure security perceptions on individual characteristics, land endowment as well as village-level average tenure security perceptions. In the second stage, the resulting predicted values of individual tenure security perceptions are introduced into equation (2). Equations (1) and (2) are estimated using a one-step procedure. Table A5 in online appendix 2 reports the regression results for the stochastic production frontier using the instrumental variables (IV) method, table A6 presents the resulting input-output elasticities, and table A7 reports the results for the TE equation. We find that the null hypothesis that all variables are exogenous in the model is rejected at a 5 per cent testing level (table A7, last row). Hence, reverse causality may indeed bias the estimation results when individual tenure security variables are used in the model. The results for the two tenure security variables support the main conclusion drawn from the basic model that TE is affected positively by tenure security derived from expectations that no land reallocations will take place and negatively by the importance attached to land certificates in protecting land rights. The coefficients for these two tenure security variables (table A7) again differ significantly from zero, but the estimated coefficient and t-ratio for the land certificates variable are much smaller than they are in our basic model (see table 2 ).
As a third robustness check, we estimated the impact of tenure security perceptions on TFP instead of TE, using the IV method. The results, presented in table A8, provide additional support for the main conclusions that we draw from the basic model.
Finally, we ran regressions with each tenure security variable included individually. As discussed in section 4.2, the two tenure security variables represent two different, almost fully exclusive, dimensions of tenure security. Yet, they may not be completely independent from each other as issuing of land certificates and bans on land reallocations both reduce the terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S1355770X1600036X probability of land expropriation by village leaders through land reallocations. The regression results are presented in tables A9 and A10. Again we find that the land reallocations variable has a significant positive effect on TE while the land certificates variable has a significant negative effect. The corresponding elasticities, which now represent the unconditional effects of each tenure security variable, are somewhat smaller in absolute size than the conditional elasticities estimated from the full model: 1.000 as compared to 1.303 for the land reallocations variable, and −5.066 as compared to −6.712 for the land certificates variable.
Causal mechanisms
Our findings indicate that expectations that no land reallocations will take place in the near future positively affect TE, while the importance attached to land certificates in protecting land rights negatively affects TE. Because variable inputs and land investment (land quality) are control variables in both models, the observed effects can be interpreted as the net results of a positive land market effect and a generally negative migration effect (see figure 1 ). The relative impact of these two counteracting effects depends on the functioning of land and labor markets.
Empirical evidence of the existence of land rental market and migration effects, based on the same data set as for Minle County in Gansu Province, can be found in Ma (2013: ch. 5 ) and Ma et al. (2016) , respectively. Estimation results of Probit models for household participation in the land rental market and in rural-urban migration in these two studies provide evidence that the importance attached to land certificates in protecting land rights positively affects both the probability of renting land and the probability that at least one of the household members has migrated. Expectations about the absence of land reallocations in the near future, on the other hand, do not have a significant impact on land rentals, and are found to have a significant negative impact on rural-urban migration. Households that expect no land reallocations are more likely to make investments in the land, because they can hold onto the same piece of land, and therefore spend more time working on the land (the so-called 'asset-enhancing' negative effect of tenure security on migration). These findings are consistent with our interpretation of land certificates providing protection against different types of land expropriation and the absence of land reallocations providing protection in particular against changes in the location of land assigned to households (see section 4.2). 12 Major market imperfections exist in the land rental market and labor market in the research area of this study. The land rental market has developed on a limited scale and is highly segmented. Results of our household survey show that 15 per cent of the households rented in land in 2009. The average rented-in land area was equal to 9.3 per cent of the average contracted land allocated to renting households. More than 85 per cent of the land transfers were between kinship, and only around 40 per cent of the rental contracts were in writing, according to the interviewed tenants. The duration of the land renting was not specified in 88 per cent of the contracts. The labor market in our research area is characterized by short duration migration of individuals, leading to a large share of households involved in part-time farming. The household survey results show that 51 per cent of the households had at least one member who migrated in 2009. Among those households with migrants, on average 1.41 members per household migrated and spent on average 6.84 months outside their county in 2009. Slightly more than 90 per cent of these households participated in (part-time) farming.
Hence, we find evidence for our research area that (household perceptions of) tenure security provided by land certificates stimulates temporary migration by individuals, and thereby encourages part-time farming with relatively low TE. The renting out of land by households with migrants only partly compensates for this negative effect, because land rental markets are thin and highly fragmented. Renting land to kinship, as is common practice in the research area, may not contribute much to increasing TE.
For (household perceptions of) tenure security provided by the absence of land reallocations in the near future, on the other hand, we find that it reduces migration and thereby discourages part-time farming with relatively low TE. The migration effect therefore becomes positive. Moreover, expectations regarding the absence of land reallocations in the near future do not significantly affect household participation in the land rental market. The positive impact on TE of expectations regarding the absence of land reallocations can therefore be interpreted as the net effect of a positive migration effect and an insignificant land market effect.
Environmental implications
The research area of this study, Minle County in Zhangye City, is located in the middle reaches of the Heihe River basin. The Heihe River is an inland river that originates in the Qilianshan mountains (mainly located in Qinghai Province), flows through Zhangye City in Gansu Province and ends in the (East and West) Juyanhai Lake in Inner Mongolia. Zhangye City is an oasis with a dry climate and plenty of sunshine. The irrigation water available from the reservoirs in the mountains and its fertile soils have made this area very suitable for agriculture.
Since the 1960s, water resources discharged from the middle reaches to the lower reaches of the Heihe River basin significantly decreased due to overexploitation for agricultural use in Zhangye City. It led to declining groundwater levels, worsening water quality, reduced vegetation and severe desertification in the area surrounding Juyanhai Lake and transformed it into one of China's 'sandstorm cradles' (Guo et al., 2009) .
At the beginning of the new century, the Ministry of Water Resources initiated a pilot project called 'Building a Water-saving Society in Zhangye City' (Zhang et al., 2013) . The pilot project was the first water saving pilot project in China. Its main purpose is to test potential measures to encourage water savings at the local level and find out what works and what does not work, so that successful aspects can be scaled up across the country. Measures taken include engineering measures as well economic incentives, like tradable water use rights, aimed at stimulating a more efficient use of irrigation water. As a result of the pilot project, more water is flowing again into Juyanhai Lake and the ecosystem around the lake is slowly recovering over recent years.
The findings of our study indicate that measures that improve tenure security perceived by rural households may also play a significant role in stimulating a more efficient use of irrigation water in the region. In particular, households that do not expect land reallocations to take place in the near future are expected to have a higher level of TE because they participate less in temporary migration. As a result, the same agricultural output levels can be reached by using lower quantities of water and other inputs. On the other hand, households attaching greater importance to land certificates in protecting land rights tend to have lower levels of TE due to prevailing factor market imperfections. The issuance of land certificates will therefore only contribute to more efficient use of water and other inputs in agricultural production if it is combined with measures aimed at removing existing obstacles facing land rental market development and permanent migration to urban areas. We will come back to this in the next section.
It should be noted that we consider land quality and levels of input use as given in this study (see figure 1) . Previous studies have shown that changes in tenure security may also affect soil conservation investments, water use, fertilizer use, and the use of other inputs that may cause environmental pollution. The resource conservation and pollution effects of these input and investment decisions may either counterbalance or strengthen the environmental effects of changes in TE. An assessment of the full environmental effects of changing tenure security perceptions is, however, beyond the scope of our study.
Conclusion
An important element of agriculture-based growth policies in China and many other parts of the world is promoting the productive and efficient use of land and water resources to meet present and future demands for agricultural products, while ensuring the long-term sustainability of the land and water quantity and quality. Increases in TE are crucial elements of such policies as they make it possible to obtain higher output with the same amounts, or even lower amounts, of land, water and other inputs used in production. This paper examines the role of land tenure security as perceived by rural households in TE in northwest China. By controlling for land investments and input use in the empirical analysis, we focus on two -potentially offsetting -effects of improved land tenure security on terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S1355770X1600036X agricultural production, namely the positive land rental market effect and the, generally negative, migration effect. When land rental and labor markets function well, the net impact of these two effects on TE will be positive. But when these markets are imperfect or incomplete, the net effect may well be negative.
Based on data collected through a household survey in Minle County, Gansu Province, we find that the (perceived) tenure security provided by land certificates stimulates temporary migration by individuals, and thereby encourages part-time farming with relatively low TE. The renting out of land by households with migrant members can only partly make up for this negative effect, because land rental markets are thin and highly fragmented. The provision of land certificates to rural households therefore has a negative impact on TE under the prevailing factor market imperfections in the region. For tenure security provided by the expected absence of land reallocations in the near future, on the other hand, we find that it reduces temporary migration by individuals and thereby contributes to higher TE.
By removing existing obstacles to land rental market development and rural-urban migration, the negative impact of land tenure security derived from land certificates on TE may change into a positive effect. Measures that may be taken in this respect include increased reliance on the rule of law in settling land conflicts, adequate information provision to rural households about the importance of land certificates for pursuing rights in land conflicts, further development and expansion of the rural social insurance systems in order to reduce farmers' reliance on rural land as a means of social insurance, and equal treatment of urban residents and migrants in urban health, education and social insurance systems. All these measures can be expected to stimulate the functioning of land and labor markets, and thereby strengthen the impact of recent policy reforms aimed at improving land tenure security in rural China on TE in agricultural production.
Although our study is limited to just one county in northwest China, the examined issues are likely to be of relevance to other parts of rural China characterized by imperfect and incomplete land rental and labor markets. The insights gained may also be useful for a wider range of developing countries (e.g., Ethiopia, Vietnam) with similar rural land tenure systems and underdeveloped land and labor markets. The main lessons to be learned from our study are that a focus on formal land rights in explaining TE and agricultural productivity is likely to be too narrow, and that improved tenure security derived from land certificates may in fact lower TE due to the migration effect when land rental and labor markets are underdeveloped.
In our study we use cross-sectional data for deriving empirical estimates. It cannot be ignored that household and land characteristics that are either unmeasured or not measured adequately affect both the dependent variable and one or more of the explanatory variables in our analysis. The robustness of the main conclusions derived from our study should therefore preferably be checked through the use of panel data analysis (e.g., using household fixed effect models) in future research.
Another issue that may receive more attention in follow-up research is household time allocation to migration and crop production during different parts of the year. By collecting and analyzing weekly or monthly household data on labor input into crop production and time spent on migration, the extent to which temporary migration and crop production compete for labor resources throughout the year can be examined in a more direct way and the results may be compared with the indirect evidence that we provide in this paper.
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